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The Double Magnetic Induction Method for Measuring
Eye Movement-Results in Monkey and Man
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Abstract-We describe an improved version of the double magnetic
induction method for measuring eye movement, proposed by Reulen
and Bakker. The idea behind the double magnetic method is to detect
eye position indirectly by determining the strength of the induced
secondary magnetic field of a short-circuited coil on the subject's eye
caused by a primary magnetic field. A signal related to eye position
is obtained from a detection coil, placed in front of the eye, without
the need of connecting wires.
Instead of the short-circuited Collewijn-coil, we use a polished metal

ring on the sclera of the eye. This makes the method more comfortable
for the subject and results in a larger signal amplitude. As a further
improvement, the signal of the detection coil, consisting of a primary
induced component and a relatively weak secondary component, is
differentially amplified together with the signal of a compensation coil,
consisting of only a primary component, to avoid instrument overload
and noise. We have used the method successfully in both man and
monkey. Technical specifications of the method, as weli as a procedure
to correct for its inherent nonlinearity, are described in detail.

INTRODUCTION

THE use of electromagnetic methods for the accurate mea-
Tsurement of eye movements was first proposed by Robin-
son [1]. The subject wears an induction coil on a scleral
contact lens and is placed in two perpendicular, rapidly alter-
nating, magnetic fields. The induction voltage in the coil is
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related to the position of the eye relative to the horizontal and
vertical magnetic fields and can be measured using phase-sensi-
tive detection methods. The method has not been widely used
in man because wearing the scleral contact lens with the con-
necting wires and suction tube appeared somewhat cumber-
some. In contrast, since in animals the coil can be implanted
surgically beneath the conjunctiva [2], [3],the electromagnetic
method has gained wide application in animal studies. However,
since the induction coil must be connected to a plug on the
skull, the wires can break and thus necessitate a new operation
on the other eye. The wires may hamper eye movements in
extreme positions of gaze and may make the animal strabismic.
Recently, Collewijn et al. [4] developed a silicone rubber

suction ring which fits on the limbus and contains the coil.
Although this method has been used successfully in quite a
number of laboratories, including our own, it leaves room for
improvement in several respects [5]. The main drawbacks of
the method are that the ring is not tolerated for more than
20-30 min by most subjects, and that the protruding wires
cause an artifact and some mild discomfort during a blink.
Furthermore, visual acuity often deteriorates in the course of
the experiment. The desire to improve comfort for the subject,
and to enable more prolonged experimental sessions, had led
recently to several new electromagnetic methods where the use
of wires is avoided altogether. Allik et al. [6] reported a ver-
sion of the electromagnetic eye movement recording technique,
based on mutual induction in combination with an aluminum
suction ring on the eye. Their technique, which makes use of
a special magnetic field configuration, needs no connecting
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wires between eye coil and registering equipment. Reulen and
Bakker [7] described a similar double magnetic induction
method. However, they made use of a short-circuited Colle-
wijn-coil and the classical Helmholtz configuration for the
generation of a homogeneous magnetic field. Zeevi and Ish-
Shalom [81 described a completely different electromagnetic
method based on measurement of differential inductance
variations of two C-shaped coils due to the movement of a
conical ferromagnetic ring attached to the eye.
In the last two years, we have been using our version of the

so called double magnetic induction (DMI) method, described
by Reulen and Bakker [71, in both monkey and man. In this
paper, several improvements of the technique, which can be
easily implemented, are described together with their theoreti-
cal background. Furthermore, a procedure to correct for the
nonlinearity, inherent in the DMI method, is outlined, and
quantitative data characterizing the possibilities and limitations
of the technique are presented.

THE SETUP
Although the main principle of our setup is the same as the

one of Reulen and Bakker [71, on several points, such as eye
ring and detection coil, alterations have been made in order to
improve the DMI method. Our setup is as follows. The sub-
ject's head is fixed in the homogeneous part of two alternating
perpendicular magnetic fields (Fig. 1), with frequencies
of 30 and 40 kHz in order to measure horizontal and verti-
cal eye movements. Two sets of perpendicular coil systems
(diameter 70 cm), in a Helmholtz configuration, are employed.
The two coils of one set and a capacitor are connected in series
with the output of a 50 W audio amplifier. A positive feedback
signal from a reference coil (one turn) is fed into the input of
the amplifier. Each coil has 46 turns of copper wire (wire
diameter 1.4 mm). A gold-plated copper ring is placed on one
eye (Fig. 2). The primary magnetic field induces an alternating
current in the eye whose strength depends on the angle be-
tween the ring and direction of the field. The strength of this
current, then, is measured indirectly by detecting the resulting
secondary magnetic field with a detection coil placed in front
of the eye. In front of the other eye, a second coil, called the
compensation coil, is placed in order to cancel out remaining
primary induction voltages. This is achieved by differential am-
plification of the signals from the detection and compensation
coils. Both coils are placed in a plane parallel to the direction
of the primary horizontal and vertical field; the compensation
coil can be rotated horizontally and vertically so that in the
resulting difference signal the primary magnetic field signal can
be cancelled out sufficiently. The difference signal related to
eye position then is fed into two lock-in amplifiers (Princeton
Applied Research, 128A) tuned to 30 and 40 kHz for the mea-
surement of horizontal and vertical eye position, respectively.
These signals are low-pass filtered (-3 dB at 150 Hz), digitized
at a rate of 500 samples/s and finally stored in a computer (PDP
11/34). Since the relation between actual position and raw
eye position signals reflects a stationary nonlinearity [7], an
off-line correction procedure in the computer is necessary be-
yond the range -10, 10 deg. Within this range, raw eye posi-
tion signals do not differ more than 0.1 deg from the best-
fitted straight line (see Results). A schematic representation
of the complete setup is shown in Fig. 3.

(a)

(b)

Fig. 1. (a) The experimental setup for man. Shown are the bite board,
the detection coil frame, and the head support. (b) The experimental
setup for the monkey. The head is stabilized with a head crown on
which the detection coil is mounted. Note that the compensation coil
is not mounted on the head crown.

Fig. 2. Close up of the human eye with the metallic ring placed on the
sclera.

It soon became clear that it is essential to ensure that the
subject's head is stable with respect to the detection coil. This
was accomplished by using a deep-bite board together with a
stable support in the back of the head (Fig. 1). Stabilization
is less of a problem in the monkey where the head can be fixed
using a crown attached to the skull [9]. As a second precau-
tion, the frame on which both detection and compensation coils
were mounted was fixed with respect to the field coils, rather

420

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on May 01,2020 at 06:40:54 UTC from IEEE Xplore.  Restrictions apply. 



BOUR et al.: DOUBLE MAGNETIC INDUCTION METHOD FOR MEASURING EYE MOVEMENT

Fig. 3. Schematic diagram of the experimental setup. For explanation
see text.

than with respect to the head as was described by Reulen and
Bakker [7]. With this arrangement, induced by facial move-
ments, minor movements of the coil frame, that led to drift
on the order of several degrees, could be avoided. We will now
describe our refinements of the DMI method in more detail.

THE EYE RING

The idea of using a metallic ring instead of a short-circuited
Collewijn-coil [7] was adopted from Allik et al. [6]. We use a

copper ring (Fig. 4) with a polished surface on which a gold
layer (with 0.5 percent cobalt) has been plated in order to pro-
tect the eye. The weight of the ring is 0.46 g and its dimensions
are the same as those of the Collewijn suction coil [4] , except
that the outer surface is more flattened in order to avoid ob-
struction of the eye ring by the eyelids as much as possible.
Due to differences in eye size among subjects two rings, with
top angles of 1080 and 1040, were designed (Fig. 4).
Before application of the ring, the surface of the eye is anes-

thetized with one or two drops of a local anesthetic (0.4
percent Novesine). The ring is wetted with hard-contact lens
solution to prevent desiccation and then pushed under the
retracted upper eyelid. Then the lower eyelid is lifted so that
finally the ring rests upon the eye. With the eyelids closed
the ring ig pressed firmly on the eye. The ring adheres firmly
to the eye (an idea of the stability of the ring is given in the
Results). It can be removed by lifting the edge of the ring
with a blunt forceps.
The ring is tolerated very well. There is no swelling or dam-

age of the cornea, only an impression of the ring is observed
that wears off within 10 min. In two subjects, it was tested
that letter chart acuity was not significantly impaired (125
percent), and ocular pressure was not raised after one hour of
wearing. A few subjects showed some slight redness of the
bulbar conjunctiva. Until now, in nine subjects the ring has
been used in our laboratory and they reported no, or only
slight, irritation after one hour of wearing. For some subjects,
the method had been used frequently during half a year. Two
of our own subjects, and one additional subject from another
laboratory [10], have also had experience with the Collewijn
suction coil and they all reported that wearing the ring was
decidedly more comfortable than wearing the suction coil. An
important reason for the difference, no doubt, is that the me-
tallic ring can be polished very smoothly, whereas the silicone
suction ring, under microscopic inspection, shows an irregular
surface with small sharp edges. Another reason, evidently, is
the absence of protruding wires.

MAN 1080/104

/ H 11.3mm 3

540

MONKEY

0.3mm

----_ _ _ __ _ _ _ _ _ _ _ __ _ ot1 mm
17.5mm

Fig. 4. Side views of the cross sections of the nmetallic rings used for
man and monkey. For man, two rings with different top angles were
designed.

We have also used the DMI method successfully in two mon-
keys. A silver-plated copper ring (gold plating is probably
preferable) is implanted beneath the conjunctiva, around the
eye, using the surgical procedure described by Judge et al. [3] .
The ring currently in use is a conical cylinder (width 1.0 mm)
with a thickness of 0.3 mm, a mean inner diameter of 17.5 mm
and a top angle of 540 (Fig. 4). It appears that after a few
weeks, tissue growth attaches the ring firmly to the globe so
that it does not slip. Therefore, no stitches are used when the
ring is implanted.
Since the metallic ring has electrical properties that differ

from those of a short-circuited suction coil, the equations given
by Reulen and Bakker [7] cannot be applied in a straightfor-
ward manner to our situation. These authors showed that the
strength of the induced current in the eye coil can be increased
by reducing its electrical resistance. The use of a metallic ring
has this advantage of a strong induced current, but the disad-
vantage of having no phase difference of 900 between primary
and secondary induced voltage. So, in this case, both compo-
nents cannot be easily separated by phase adjustment of the
lock-in amplifier [7].
A low impedance eye ring has the advantage of a strong

induced current. The secondary magnetic field is propor-
tional to this current, and thus, a high Vsec results. This can be
demonstrated by a ratio A (see Appendix) that gives the am-
plitude difference AVsec (t) divided by the amplitude difference
AVprim(t) caused by a small rotation

A = C (D)(1)
4 /r2 + 2Lr2'
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where Dr and Dd are the radii of the ring and the detection
coil, respectively; go = 4ir - 10-7 is the magnetic permeability;
co is the angular frequency of the primary magnetic field; Rr
and coLr are the electrical resistance and the inductive imped-
ance of the metallic ring, respectively; C is a parameter which
depends on the distance of the eye to the detection coil (see
Appendix).
Rr for the human eye ring was estimated quantitatively with

Rr = Pe * I/S, in which Pe is the specific resistance of copper, 1
is the mean outline, and S is the cross section of the ring. A
resistance of 7 - 10' Q2 was found. The self induction Lr was
estimated with the formula Lr = W21{I - 2r/(1 + 2r + 4d)}
pH where r is the difference between inner and outer radius,
W the number of turns (W = 1), and d the thickness of the ring
[11]. A self induction of 0.019 pH was computed. Since
DrIDd . 0.33 (Dr = 0.0085 m; Dd = 0.025 m), and the mean
angular frequency of horizontal and vertical field X- = 2.2 1 05
rad/s, it follows that A - 0.5 C. A typical value for A-depen-
dent on the distance of the eye to the detection coil-is 0.1,
so C will be about 0.2.
When, instead of a metallic ring, a short-circuited Collewijn-

coil is employed, it will be clear that the value of A will be
lower by a factor of about 2300. This is caused mainly by the
much larger electrical resistance of the search coil (-10 Q2).
So the use of a metallic low impedance ring appears to be
crucial for having reasonably large signals.
However, when a thin metallic ring is used, instead of a

short-circuited coil, its inductive impedance &oLr is not negli-
gible with respect to the electrical resistance of the ring Rr
Accordingly, the phase difference 4, between primary and
secondary induced voltage, becomes less than 900, and there-
fore, it is not possible anymore to cancel out the primary in-
duced voltage by phase adjustment of the lock-in amplifier.
This phase difference is given by (see Appendix)

4 =arctan ( ) (2)
\Ur

With the above estimated values of Lr and Rr, a phase dif-
ference 4 of 11.10 and 8.30 was computed for the vertical
and horizontal fields, respectively. Measured values for the
vertical and horizontal fields were 11.60 and 100, respectively.
Due to this small phase difference, the lock-in amplifier is
tuned to the phase of the primary component while the reduc-
tion in amplitude of the secondary component is negligible.
However, other measures are taken to make the primary com-
ponent as small as possible (see below).

THE DETECTION COIL

In our experimental setup, it was measured that a 10 rotation
of a detection coil induced a voltage about 10 times larger
than a similar rotation of the ring. This demonstrates that the
measured signals will be very sensitive to vibrations of the de-
tection coil with respect to the Helmholtz configuration. As
was mentioned earlier, a detection coil and a compensation
coil with adjustable orientation are employed in our setup, in
order to cancel out the remaining Vprim of the detection coil.

Thus, artifacts due to small movements of the detection coil
are practically eliminated, since both coils are mounted on the
same frame. Also, artifacts due to arm and limb movements
are strongly reduced in this manner. Another advantage of
this differential setup is that instrument overload of the lock-in
amplifier is avoided, and the noise, due to small variations in
the primary field strength, is limited. The latter advantage is
especially of interest in the monkey setup, since in this case
the detection coil cannot be positioned parallel to the direction
of the magnetic fields due to the shape of the monkey's nose
[see Fig. 1(b)]. In this setup, the compensation coil is placed
inside the coil configuration so that it does not hinder the field
of vision [Fig. 1(b)]. If the compensation coil has an adjust-
able orientation, its precise location in the coil configuration is
not critical. The V.sec induced in the compensation coil is neglig-
ible in a first approximation, since the distance d of the com-
pensation coil to the ring is larger (magnetic field strength B -

d-3), and the opening angle of the compensation coil relative
to the ring is much smaller.
As was stressed earlier, head stability with respect to the

detection coil is essential for reliable measurements. The mea-
sures taken for head stability (bite board and head support)
constitute, in fact, the main source of discomfort for the sub-
ject. Displacements of the limbs can be a source of drift, so
that a stable positioning of the head as well as the body is
necessary. This requires a short period of experience for un-
trained subjects. Drift due to head or body displacements for
trained subjects is maximally about 0.30 over a period of three
min (see Results).

It will be sufficient to recalibrate only the primary position
every 2 or 3 min due to longer term instability. Gain correc-
tion during a session of 1 h is not necessary (see Results).

In the monkey, we use a detection coil which is shaped to
fit the geometry of the skull around the eye, and thus allows
a large field of vision, and makes it possible to measure a large
signal from the ring. The monkey's detection coil is stabilized
by mounting it on the monkey's crown [9] during experimen-
tal sessions [see Fig. 1(b)] .

Detection and compensation coils used in the human setup
each have 200 turns of copper wire (wire diameter 0.1 mm).
The electrical resistance of both coils Rd, is 70 Q2. A self-
induction (Ldc) of 1 mH was measured. For solid con-
struction, the coils were embedded in dental cement. The
diameter of the coil is 5 cm and the distance of the detection
coil frame to the front of the eyes ranges from 2 or 3 cm de-
pending on the subject.
The differential amplifier (Fig. 3) has a high input impedance

(>100 MQZ) in order to avoid an induction current in the
detection and compensation coil. The output impedance is
low (50 Q2), and the amplification is 10 X, so that no extra
noise, due to long connecting wires between differential and
lock in amplifier, is introduced. The self-built differential
amplifier is a three op/amp instrumentation amplifier. This
amplifier is placed close to the detection coil frame and is
powered by the high quality power supply of the lock-in am-
plifier (via the interface connector). It is possible to adjust its
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gain and phase so that the output can be cancelled out over a
range of 0-50 kHz almost completely (-90 dB) when both
input signals are the same. Between the primary position and
300 eccentricity a typical voltage difference of 20 mV at the
lock-in amplifier input is measured. Within a bandwidth of
0-150 HIz, the voltage difference between peak-to-peak values
of the noise was measured to be 0.07 mV. This is mainly due
to thermal noise of the detection coil, small amplitude fluctua-
tions in the magnetic field, and mains hum. This means that
eye movements can be measured with a resolution of 5 min of
arc in a range - 20, 200. Due to the nonlinearity of the DMI
method, this resolution deteriorates at larger eccentricities (see
Table I).

CORRECTION PROCEDURE
For calibration and nonlinearity corrections of the eye move-

ment signals at the beginning of each session, a calibration
experiment has to be performed. The experimental procedure
is as follows. The subject is asked to look at a fixation spot
(0.40 diameter) that is projected on a flat screen placed 57 cm
in front of the eye. Starting everytime from the primary posi-
tion, the spot jumps to 84 peripheral positions in a polar
coordinate system with seven different eccentricities (TRn=
5 - n degrees, n = 1, .. . , 7), and 12 different meridional axes
(TMm = 30 - m degrees; m = 1, , 12; Fig. 5). The sequence
of presentation, the time of presentation of the primary posi-
tion, and the intertrial pause are varied pseudorandomly.
The eye movement responses to these 84 target jumps are

obtained by averaging over a period of 100 ms of fixation.
After an offset correction that shifts the mean of all central
eye fixations to the origin, the 84 eye movement responses
{RE(m, n), E(m, n)} are mapped to the corresponding target
position signals {RT(n), 4?T(m)} in polar coordinates. Due to
the nonlinear relationship between target positions and raw
eye positions along each meridian as a first approximation, a
quadratic polynomial (Fig. 6) is fitted through the seven raw
eye fixations using a least-square error criterion. Depending
on the required calibration range, this fit can be limited to
six or five eccentric eye fixations. This means that for each
meridional axis, a set coefficient am, bm is computed such
that

RE(m, n) - {a RT(n) + bm R'(n)}l (3)

will be minimal. RE(m, n) is obtained by the transformation
of Cartesian to polar coordinates

RE(m, n) = AHE m, n) + VE(m, n) (4)
where HE(m, n) and VE(m, n) are averaged raw horizontal
and vertical eye fixation signals, respectively. As can be seen
from Fig. 6, the coefficients am, bm are found to be not the
same for each meridian and, there-fore, RE(m, n) depends on
m and n, whereas RT(n) depends only on n. It is also found
that the meridional angle of raw eye positions 4DE(m, n) is not
necessarily equal to the meridional angle of the corresponding
target positions 4XT(m) [see Fig. 5(a)]. Therefore, JE(m, n)
depends on m and n while SIT(m) does not. Consequently, for
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Fig. 5. (a) Uncorrected eye positions of the calibration experiment.
These eye positions are responses to fi've eccentric target positions
along 12 meridians. (b) Eye positions after correction; the crosses
indicate corrected eye positions, the diamonds represent target
positions.

each meridional axis, an additional coefficient -m is computed,
that expresses the mean meridional angle of all responses along
the same meridional angle of stimulation. This extra coeffi-
cient 3Pm is given by

I N
(Pm=N L bE(m,n)

n=1
(5)

where N= 5, 6, or 7 depending on the required calibration
range. 4IE(m, n) is obtained by the transformation of Carte-
sian to polar coordinates

4JE(m, n) = arctan (VE( n(6)
1

kH(m n)f 6
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50

0

TARGET POSITION (DEC)

Fig. 6. Nonlinear relationship between target position and measured
eye position for three meridians. The 0, 90, and 1800 meridian data
are indicated by the circles, triangles, and squares, respectively. The
linear coefficient am and quadratic coefficient bm are given in the
upper left of the figure. These coefflcients belong to the best filtting
curve through the data represented by the continuous lines.

So, this mapping procedure results in 12 sets (for each merid-
ional axis, one set) of coefficients am, bm, and 6Pm
The obtained coefficients are now used in a reverse mapping

procedure to correct all subsequent data of one session for
nonlinearity while it can be supposed that the calibration
coefficients remain unchanged provided the positions of bite
board, subject, and detection coil frame inside the Helmholtz
configuration are not altered. The corrected meridional angle
(?EC of each data point is computed as a linear interpolation
of two subsequent coefficients of mean meridional angle (em
and between which the uncorrected data point is
found. ("EC is given by

30
"DEC =30m + (DE SPm) (7)

iPm + 1 iPm

with Pim 6 (iDE < Pm + (?E in polar coordinates.
Before the corrected eccentricity can be computed also, the

linear interpolations a' and b' of the subsequent sets of coeffi-
cients am, bm and am + 1, bm + 1 are computed with the formulas

a' =am + 4EC 30m

(am+, am) (8)
30

and

b bm + Ec 30m(bm + I
- bm). (9)

30

Finally the eccentricity RE (in polar coordinates) can be
linearized to a corrected eccentricity REC with

-a'+ fa'2+4b'RE(
REC - (10)

Note that with this algorithm the computation of meridional
angle, and the computation of corrected eccentricity, run

independently.

RESULTS

Fig. 5(a) shows uncorrected eye positions of the calibration
experiment. Note the curvature of the data along one merid-

ian and the slight nonrotational symmetry. Although these
nonlinearities are corrected, they can be avoided by careful
centering of the eye with respect to the detection coil. Fig.
5(b) shows the corrected eye positions (N = 5) together with
the target positions.
In Fig. 6, the uncorrected data are shown in another way.

The continuous line is the quadratic polynomial, fitted through
the data (N = 5), which shows to be a surprisingly good ap-
proximation to what has been calculated theoretically [7].
Three meridians are shown and their coefficients are given.
Table I gives the numerical values of raw eye position signals

RE(m, n), corrected eye positions REC, and the minimum
angular rotation that can be resolved along the horizontal axis
in a typical calibration experiment. Corrected eye positions
were calculated with the coefficients (am, bm) obtained from
the quadratic curve fit through the subsequent five, six, or
seven data points (=N) along one meridian. The results show
that the overall fit of the seven-point correction is poorer than
the six- or flve-point correction. However, when a calibration
range of 25, 30, or 350 is required, an optimal correction is
achieved with a number of five, six, or seven fixation points,
respectively.
As can be seen in Table I, the raw eye positions saturate, or

even decline, near 350. This means that beyond the 30 or 350
range no reliable eye movement registrations can be made.
This is also demonstrated by the deterioration of the resolu-
tion beyond 300 eccentricity.
The residual errors revealed by the Table I do not only re-

flect constraints of the curve fitting, but also inaccuracy of the
eye movement fixations and small drifts during the trial. Con-
straints of the curve-fitting procedure can only be avoided by
adding more terms in the polynomial used to fit the data; how-
ever, the computations then lose their simplicity. Inaccuracies
due to fluctuations of the eye fixations were examined by
averaging over several calibration experiments. It was found
that the mean corrected eye responses of five calibration ex-
periments did not deviate from the ideal values more than 0.30
and 0.70 for N equal to five and six, respectively. It was also
found that in the -10, 10° range, no correction for nonlinear-
ity is needed. Namely, when raw eye positions are only
corrected for gain, and their optimal linear relationship is
calculated in this range, the mean corrected eye responses of
12 calibration experiments of 50 and 100 eccentricity are
found to be 5.1 ± 0.10 and 9.9 ± 0.10, respectively.
The scatter, in start positions at primary fixation during the

calibration experiment, gives an impression of the drift and the
stability of the method. Within the 3 min duration of this
experiment, the standard deviation in primary fixations was
found to be 0.30. However, it must be kept in mind that the
spot has a finite diameter of 0.40.
Fig. 7 shows trajectories of different magnitude saccades

and their velocity profiles. The saccade trajectories are de-
rived from corrected raw eye positions and the velocity pro-
files are calculated as the first derivatives (two-point central
difference algorithm) of the corrected eye position signals.
After differentiation, the velocity signals are digitally low-pass
filtered (-3 dB at 72 Hz; -85 dB at 85 Hz; real frequency
response [13]). The figure demonstrates that slippage of
the suction ring is very unlikely: no abnormal position or

424

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on May 01,2020 at 06:40:54 UTC from IEEE Xplore.  Restrictions apply. 



BOUR et al.: DOUBLE MAGNETIC INDUCTION METHOD FOR MEASURING EYE MOVEMENT

TABLE I
NUMERICAL VALUES OF RAW EYE POSITIONS AND CORRECTED EYE
POSITIONS FOR THE HORIZONTAL AXIS WHEN A FIVE-, SIX-, OR

SEVEN-POINT CORRECTION IS PERFORMED. ALSO, THE MINIMUM ANGULAR
RESOLUTION IS SHOWN.

target position raw eye corrected eye position (deg) angular
(deg) position resolution

(A. U.)

RT T RE(m,n) REC;N=5 REC;N=6 RECN=~T C;N=7~0N=

0 10.2 5.0 4.8 4.7
5 3

180 9.5 4.8 4.7 4.6

0 18.8 9.7 9.5 9.3
10 3'

180 18.6 10.0 9.9 9.7

0 27.3 15.1 15.0 14.8
15 4'

180 26.6 15.4 15.4 15.2

0 33.0 19.4 19.6 19.5
20 5'

180 32.4 20.1 20.3 20.2

0 38.9 24.8 26.0 26.7
25 7'

180 37.1 24.9 25.4 25.9

0 40.7 28.7 30.8
30 1

180 39.9. 29.7 31.5

0 40.8 30.9
35 50

180 40.0 31.9

0 40 80 120 1
TIME AFTER SACCADE ONSET (MS)

(a)

0 40 80 120 160

TIME AFTER SACCADE ONSET CMS)

160

120

cR0,80 v

40 .s. .

0 10 20 30 40
SACCADE AMPLITUOE (DEC.) -

(a)

0o

(b)
Fig. 7. (a) Eye position during saccades of different magnitude and (b)

their time derivatives for one subject. The numbers in the figure in-
dicate the magnitude of the saccades in degrees.

velocity profiles of saccades are observed. The figure also gives
an impression of the noise and drift of the DMI method. Simi-
lar results have been obtained in the monkey.

Fig. 8 shows "main sequence" data [14] for one subject.
Maximum velocities of large saccades in some subjects can reach
a value up to 7000/s, and for this subject (there is intersubject

4800

W600

400

D< 200

xv
00 10 20 30 40

SACCADE AMPLITUOE (DEC.) --

(b)
Fig. 8. Main sequence data for the same subject as in Fig. 7. (a) Rela-
tionship between saccade-amplitude and duration. (b) Relationship
between saccade-amplitude and maximum velocity.

variability), all maximum velocities lie within the normal stan-
dard deviation of the main sequence [15]. The amplitude-
duration relationship, shown in Fig. 8, is also in'accordance
with other published data [ 14], [15].

It can be concluded that the DMI method is useful for the
accurate measurement of eye movements in both man and
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monkey. The most discomforting experience to the human
subject is the head fixation by means of a deep-bite board and
the necessity to keep immobile during the experiment. Data
for eccentricities larger than 100 have to be corrected for
nonlinearity. The measuring range is limited to -35, 350, but
it is possible to perform eye movement registration beyond
this range by an eccentric placement of the detection coil.
Then the measuring range extends, for instance, from -10 to
450
The use of a metallic ring instead of the search coil has con-

siderable advantages:

* there are no irritating and vulnerable connecting wires,
* irritation by the metallic ring is minimal,
* visual acuity remains good,
* measurement is possible with eyelids closed.

The signal-to-noise ratio of the DMI method appears to be
comparable with the search coil method provided a metallic
ring is used instead of a short-circuited Collewijn-coil.
Extension of the method to eye movement registration of

two eyes is possible, when an extra coil is used as compensa-
tion of both left and right detection coil.

Finally, it will be clear from the choice of our setup that
experimenters who already measure eye movements with the
search-coil method only have to perform some slight modifica-
tions to change over to the double magnetic induction method.

APPENDIX
The induced voltage in the detection coil Vdc consists of an

induced voltage due to the primary magnetic field B(=Bo sin
cot), and a secondary induced voltage caused by the secondary
magnetic field of the eye ring (Fig. 9). Mutual induction be-
tween detection coil and eye ring is neglected (i.e., no current
flows through the detection coil). Then

Vdc(t) = Vsec(t) + Vprim(t) (Al)
Vprim(t) is in phase with the primary field and is given by

Vprim(t) = K3 sin c-- cos cot (A2)

K3= -rcoTBo D2 (A3)
where az is the angle the detection coil makes with the direc-
tion of the magnetic field (Fig. 9); Cl is the angular field
frequency; T is the number of turns of the detection coil; Dd
is the radius of detection coil, and Bo the strength of the
magnetic field. The coefficient K3 is taken from Reulen and
Bakker [7].
Since the inductive impedance of the eye ring coLr is not

negligible, compared to its electrical resistance Rr, Vec(t) has
a component in phase with Vprim(t) as well as a component
perpendicular to Vprim(t). This component is found by com-
putation of the induced voltage in the metallic ring Vmr(t)

D1

1/det,
-- ~~coiI

eye
ring

--

I-
?ction

'TIn
=B,sinit

Fig. 9. Schematic diagram of the detection coil and eye ring configura-
tion. For further explanation see text.

The induced current in the ring Imr(t) is given by the dif-
ferential equation

Vmr(t) = -Lr dt + RrImr-

Then the solution for the induction current is

ITroB=0D+ 2sin (
IImr(t) = -R2 + Co2L2 (COLr sin cot - Rr COS cot).

(A5)

(A6)

Using the Biot-Savart law the secondary flux in the detection
coil due to this current in the ring can be computed. The sec-
ondary induced voltage in the detection coil Vsec(t) now is
expressed as

(A7)Vsec(t) = F(a, ,B) - {K1 sin cot + K2 cos COt}

K 4(R Rr - i/to()2TD2BoK 4(R2W22Lr) r

24(R2 + C2L)o2 TDrBo

(A8)

(A9)

where go is the magnetic permeability (equal to 47r- 10-7).
The function F(a, ,B) expresses the nonlinear relationship be-
tween the eye ring rotation and Vsec(t). This function is given
by Reulen and Bakker [7].
The phase difference 4, between Vsec(t) and Vpim (t) is given

by

4, = - arctan (tv) (Al0)

so

4, = - arctan (;_ . (Al 1)

The ratio A between the amplitude difference A Vsec(t) and
AVprim(t) caused by a small rotation AO3 and Aa (=A), re-
spectively, is given by

=
Vsec(t) Imax K2

A=AVprim(t) max K3 (l2

Vmr(t) = -rcoBo D2 sin ( cos wt

where Dr is the radius of the eye ring, and ,B is the angle the
eye ring makes with the direction of the primary magnetic
field (Fig. 9).

(r2

A = C
R 2+oL4,ff r + wLr

(A4) SO

(A13)
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where C is a parameter which depends on the distance of the
metallic ring to the detection coil, the diameter of the detec-
tion coil and the diameter of the metallic ring. C depends also
on a and ,B when both angles are large. Normally this is not
the case.
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